Abstract
Introduction and Related work
Grouping is a common phenomenon in pedestrian crowds, which contain both isolated and grouped individuals [1] . Group modeling is widely studied in fields such as computer animation where people study groups in pedestrian crowds in order to create realistic gaming scenarios. However, group modeling is still an open challenge problem [2] . It is a challenge task because of the heterogeneity nature of pedestrian crowds. Over years, researchers have presented a variety of approaches trying to capture the essence of social groups.
Most existing work simulates groups based on sociopsychological theories such as social comparison theory and five-factor personality theory. The work of [3] implemented several crowd behavior scenarios with the existence of individual or grouped pedestrians through Festinger's social comparison theory [4] . The work of [5] simulated the Big Five personality factors and associated forces using the Helbing-Molnar-Farjas-Vicsek (HMFV) crowd model. However, there are still many challenges in those works. Particularly, socio-psychological models can only describe the dynamics of pedestrians' sociopsychological states. The ability of dynamic grouping also requires that pedestrians are intelligent to behave adaptively in the ever changing environment. This ability can be naturally modeled using artificial intelligence. However, little work has incorporated the effect of artificial intelligence in the study of group behaviors. Thus a well-defined framework based on both the theory of artificial intelligence and socio-psychology is needed to model dynamic groups in pedestrian crowd simulations.
This paper described a novel model to simulate dynamic groups. The model adopts both utility theory and social comparison theory. To our knowledge, the model is one of few models using the two theories to model group behaviors. The application of the two theories on modeling group behaviors in pedestrian crowd simulations is discussed and a well-defined framework is developed to study dynamic grouping through two-step decisions, group formation and individual selection, which are modeled through utility theory and social comparison theory, respectively. Experiments show that the framework can be used to simulate dynamic groups and the effect of grouping on crowd behaviors can be studied too. The framework can also be used to simulate various structures in dynamic groups by changing the strategy of individual selection.
A Framework for Group Modeling
Dynamic grouping is modeled through two steps. The first step decides which group to follow. The second step decides which member (of the selected group) to follow. The first and second step adopts utility theory and social comparison theory, respectively.
Utility theory provides a formal framework for specifying the preferences, or utilities, of agents' potential actions under uncertain worlds. It is an important component in decision theories which assume that a person, even under a dangerous situation, can still make rational decisions [6] (this is also the assumption of this work). In another word, the agent will prefer decisions with higher utility [7] .
The group behaviors of pedestrian crowds can be modeled with utility theory. Pedestrian crowd simulation is often featured with an ever changing and complex environment due to the non-linear interactions among pedestrians. The adaptability is critical for pedestrians to behave rationally to create realistic simulations. In this work, the adaptability is achieved by comparing the degree of desirability of group behaviors, which staying with the current group and following another group (i.e., leave the current group). For each behavior, the preference is specified through a utility function. Each time pedestrians perform the behavior with a higher preference value.
Another theory which can be used in modeling group behaviors is Festinger's social comparison theory. Basically the theory states that when lacking objective means for evaluation of the current situations, such as emergent evacuations, people tend to follow with others that are most similar with them. The basic idea is that, after the decision between following another group or staying with the current group has been made, a pedestrian follows a member in the target group. The member followed by the pedestrian is the one which is most similar with the pedestrian. Note that, there are other strategies of selecting which member to follow. For example, the pedestrian would follow the predecessor of the selected member if the selected pedestrian has a predecessor (the pedestrian followed by the selected member). As demonstrated in Section 3, different strategies lead to different structures of the dynamic groups, such as the leader-follower and linear structure. The structures have significant effect on crowd behaviors (see the work of [8] for details).
Specially, in our simulation, a pedestrian crowd consists of a list of groups, each of which contains several pedestrian agents. In what follows, agent is an abbreviation for pedestrian agent. Initially, each agent belongs to a group of itself. At every time step, each agent makes a decision on whether to join another group or to stay with the current group. We use group formation to denote this step deciding the group which an agent should follow. The agent then goes through the other step of deciding which member which (belonging to the selected group) the agent should follow. We use individual selection to denote this step of decision.
The behavior of dynamic grouping is modeled in a twolayer framework. The top layer models group formation based on utility theory. The bottom layer models individual selection based on Festinger's social comparison theory. group formation, agent i decides to follow group GP 4 . Then in the step of individual selection agent i decides which member (from GP4) to follow. The outer circle in the bottom rectangle indicates the selected group GP 4 . The dots inside the outer circle represent members in the group GP 4 which agent i can perceive. Note that, the group which agent i belongs to is not shown in Fig. 1 . If agent i decides to stay with its current group, it will follow a member which belongs to the same group as agent i.
Before introducing the process of group formation and individual selection, we describe the parameters used in the modeling of dynamic groups.
Model Parameters
The following parameters are used in the modeling of agent's dynamic grouping behavior.
U f and U s represent the preference of joining another group and staying with the current group, respectively. Sociality indicates how social an agent is. The greater the value, the more likely the agent will join another group (rather than stay with its current group). Sociality is a normalized value in the range of [0, 1]. Similarity represents agents' similarity value, which is bounded by a predefined minimum value Smin and a predefined maximum value Smax.
The
Step of Group Formation This step decides the group which an agent should follow. An agent can either join another group or stay with the current group. The decision is made through utility theory. An agent join another group if U f > U s. Otherwise, the agent stays with its current group. The calculation of U f and U s for agent i is described in Eq.(1)-Eq.(5). c and DesiredDist are constant numbers. Duration is the number of time steps agent i has stayed with the current group. It will be reset to 0 once the agent joins another group. Threshold indicates the maximum number of steps within which agent i can join other groups. c is a constant number.
Eq. (1) shows that the distance between agent i and the nearby group GP j is the distance between i and the closest agent j (belonging to the group GP j ) . U f is the maximum utility of joining other groups as shown in Eq.(3). Eq. (2) and (3) show that the closer to the nearby group, the more desirable to follow the group. The longer an agent has stayed with its group, the more desirable it will still stay with its group as illustrated in Fig. (3) and (4). Fig.(5) shows that when the agent is more desirable to join another group, it will join the group with the maximum utility U f .
The Step of Individual Selection
This step is based on Festinger's social comparison theory [4] . The basic idea is to select a member (belonging to the selected group GPToJoin) that has greatest similarity as the GP1 GP3
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Group context one that has greatest influence on the agent and let the agent follow the selected member, as described below. Assume i and j are two agents. v i and v j are the velocity of i and j respectively. v l and v m are the vectors pointing from i's current position to the position of the selected member and i's destination, respectively. In Eq. (6)-Eq.(10), a and b are two constant numbers. For each agent j (belonging to GPToJoin) and is in the perception range of agent i, the similarity between i and j is calculated using Eq. (6). As can be seen, the greater the sociality of agent i, and the closer the distance from i to j is, the more likely agent i will follow agent j. The moving direction also has effect on the similarity value. Agents prefer to follow the pedestrian moving in the same direction. Eq. (9) and (10) show that the agent with the greatest similarity is selected as the one to follow. Note that, if no agent is selected, or the similarity value is out of the specified range [Smin, Smax] , agent i will not follow others. Once an agent is selected, we can calculate the possibility Possibility that agent i will follow the agent. The greater the possibility, the more likely an agent will follow the selected member. We can also calculate the influence strength Weight which the agent enforced on agent i. The calculation is described as follows.
The possibility that agent i will follow the selected agent j is calculated according to Eq. (11). Similarity represents the greatest similarity value (i.e., the similarity value between i and j). As can be seen, the greater the similarity, the more likely i will follow j. Note that, the possibility is within the range [0, 1].
The weight of influence which the selected agent j will enforce on i is calculated in Eq.(12). represents the noise which is a small generated number. ran_num is a random number generated by a random number generator. t is proportional to the ratio of the distance between i and j, and a predefined desired distance. As can be seen, the greater the possibility i, the larger the distance between i and j, the greater the weight will be. 
Agent Behavior Model
In our crowd system, pedestrian agent is featured with a set of attributes which characterize its internal states. Each agent also contains a behavior model which is featured with three behaviors: random movement, obstacle avoidance, and maintaining group. Random movement behavior lets an agent move to a randomly generated destination. Obstacle avoidance behavior lets an agent avoid collision with obstacles, other agents and groups. Maintaining group behavior lets an agent follow a member in the selected group GroupToJoin, if such member exists.
A set of speed vectors are used to represent the forces of behaviors applied to an agent. At every time step, each agent computes an overall speed vector using the vector addition to govern its movement. Eq.(14)-Eq.(16) calculate the speed vector for the casual movement, obstacle avoidance, and maintaining group behavior for pedestrian i respectively. force is a constant number. UnitVector is the vector indicating the moving direction of the corresponding speed vector. As can be seen from Eq.(16), the greater the weight, the greater the force of maintaining group. 
Experiments and Analysis
This section illustrates experiments of simulating dynamic groups using the developed model. The purpose is to show that our developed model can be used to simulate dynamic groups and to study the effect of attributes on crowd behaviors. Specifically, this section studies two experiments. The first experiment evaluates whether our developed model can produce dynamic grouping in pedestrian crowds. The second experiment explores the effect of Threshold (see Eq. (3) and (4) for details) on crowd's dynamic grouping behavior. In the experiments, the crowd contains 60 agents which are situated in a circular rectangle-shaped hallway environment with 600 in length and 200 in width. The lane width is 50. In what follows, the green and gray circles represent that agents are and aren't in maintaining groups, respectively. The number in circles indicates the ID of the agents.
Experiment 1 -Simulating dynamic groups
This experiment studies the behavior of dynamic grouping in pedestrian crowds using our developed model. The purpose is to show that the developed model can simulate dynamic grouping. Fig. 2 shows one simulation scenario of dynamic grouping in crowds. Half agents move clockwise while the other half agents move in anti-clockwise. All agents have the sociality 1.0. As can be seen, dynamic groups display a linear structure where members follow each other in a line formation. Note that, dynamic groups can have other structures with different strategy of individual selection. Fig. 3 shows another simulation scenario of dynamic grouping in pedestrian crowds. Different from Fig. 2 , each agent follows the predecessor of the member which is most similar with the agent. In this strategy, dynamic groups display leader-follower structure where a single member is followed by other members. Fig.2 A simulation scenario of groups with linear structure. Fig. 3 A simulation scenario of groups with leader-follower structure.
Experiment 2 -The effect of Threshold on crowd behaviors
This experiment explores the effect of Threshold (see Eq. (3) and (4) for details) on crowd behaviors. As mentioned in Section 2.2, Threshold represents the number of steps within which agents can join other groups. Intuitively, the greater the value of Threshold, the more likely agents join others groups. This experiment is set up to verify this intuition. A set of Threshold values are experimented. The total number of group changes is recorded for each Threshold value during a specified simulation interval. Fig. 4 shows the effect of Threshold value on the total number of group changes. As can be seen, the experiment results match with the tuition. The greater the Threshold, the more number of group changes in the pedestrian crowd simulation. 
Conclusion and Future Work
This paper describes a novel model for simulating dynamic groups in pedestrian crowds. The model is featured with a two-layer framework. The top layer describes the context of group formation and the bottom layer describes the step of individual selection. Both utility theory and social comparison theory are used to capture the essence of the behavior of dynamic grouping in pedestrian crowd simulations. The loose coupling between the two layers provides a potential that other socio-psychological or AI techniques can be studied simply by replacing the existing ones. Experimental results show that the developed model can simulate dynamic grouping in pedestrian crowds and social factors do have great impact on crowd behaviors. The model can also be used to simulate various structures in dynamic groups by changing the selection strategy of individual selection.
One of the future directions would be exploring the effect of other AI or socio-psychological models such as the five-factor personality model on crowd behaviors using the developed framework.
